To ensure high contrast ratio for the SHENGUANG (SG) II petawatt upgrade laser facility, many factors such as pulse spectral clipping, chromatic aberration and manufacture errors of the optical elements are considered carefully in the design of the pulse stretcher. An eight pass Öffner configuration is selected for the laser system and the final design of the stretcher is also given out.
Introduction
The SG II petawatt upgrade laser facility uses CPA technology to generate a 1 kJ pulse with 1.0 ps duration and 3.4 nm spectral bandwidth, which will be finished at the end of 2009. A 200 fs laser pulse (6.5 nm spectral bandwidth) is used as the seed pulse and is stretched to 3.2 ns before going through the master amplifier chain. In order to meet the requirements of this laser system, a careful design of the stretcher, such as the selection of the configuration and parameters, is one of key problems in the building of this laser system. In this paper, based on the detailed analysis on spectral clipping, chromatic aberration and manufacture errors, we design a stretcher suitable for the SG II upgrade laser system.
Selection of the Stretcher Configuration and Parameters
There are two kinds of stretchers [1] [2] [3] [4] commonly used in the CPA laser system, i.e., the Martinez and the Öffner stretchers, as shown in Fig. 1 . The Martinez stretcher uses fewer optical elements and is easier to be adjusted compared with the Öffner stretcher. However, the Martinez stretcher occupies larger space (4f configuration while the Öffner stretcher has 6f configuration, as shown in Fig. 2 ) and leads to chromatic aberration. Although it requires higher specification on optics and is more difficult to be adjusted due to the complex optical path, the Öffner stretcher allows the system to be free from aberration. 5) Because the positive and the negative lens are located co-focally and the focal length of the negative lens is set to be half of that of the positive lens. In order to optimize the spectral clipping and minimize the grating size, we select an eight pass Öffner optical configuration in the design of the stretcher.
Once the stretcher configuration is chosen, the most important thing is to determine the parameters of the stretcher. The chirped value for the SG II upgrade laser system is designed as 3.2 ns for the whole 6.5 nm spectral interval. And in the stretcher, a 1740 lines/mm grating is used with an incident angle of 70 degrees at 1053 nm central wavelength. 1) These values help us select other parameters of the stretcher.
It is well known that the principal requirement for a CPA laser system is the achievements of the maximum focused intensity and the pulse contrast ratio on target, which are affected by various factors. Concretely speaking, the intensity, as well as the contrast ratio, can be degraded by the chromatic aberration, which comes from, for example, the spectral clipping and the misalignment in the stretcher and compressor. And a sharp spectral clipping in the stretcher contributes strongly to the eventual pulse contrast ratio. Figure 3 shows the contrast ratio of a Gaussian pulse for three different spectra, which is affected by the spectral clipping during the propagation through the stretcher. It is indicated that the effective spectral bandwidth in the stretcher must be (at least) 5 times greater than the spectral bandwidth of the main amplified pulse in order to achieve a contrast ratio up to 10 11 . The parameters used in Fig. 3 are L = 3.4 nm (the final output pulse spectral bandwidth) and T = 1.0 ps (the final recompressed temporal pulse duration).
The slant distance between the diffraction grating and its image in the stretcher decides the chirped value and determines the size of the stretcher. The slant distance in the central wavelength can be written as
where τ Δ is the temporal width of the stretched laser pulse,
Δλ is the spectral bandwidth, n is the grating groove density, Δλ is the central wavelength, c is the velocity of light, and γ is the incident angle. 7) Then for a four-pass Öffner configuration the value of the slant distance is 4.7113 m and this value reduce to 2.3557 m in the case of an eight-pass Öffner configuration.
In order to achieve a good quality of the pulse contrast, suitable surface curvature radii of the mirrors are needed. Since an eight-pass Öffner configuration is selected for the system, the radius of the concave mirror yields
where S 1 is the axis distance between the grating and the concave mirror. It is seen that, once R is given, a larger value of S 1 is accompanied with a smaller value of b. Then the chromatic aberration as well as the high-order residual dispersion becomes smaller. But the chirped value also becomes smaller. Therefore, one has to make a compromise between R and S 1 . For the SG II upgrade laser system, considering the effect of residual high order dispersion on the pulse contrast and the system requirements on the chirped value and material dispersion, we choose R = 3.4 m and S 1 ≈ 0.6535. The sizes of the optical elements are also important in the design of the stretcher. Usually, these sizes are determined by the spectral bandwidth through the stretcher, which is limited by the size of the grating. Therefore, once the size of the grating is given, the sizes of other optical elements can be determined. If one assumes a grating with size 380 mm x 180 mm is used, the stretcher has a maximum symmetric spectral bandwidth of 18.6 nm. Then the sizes of other optical elements are readily determined, as shown in Table 1 .
Discussions

Asymmetric and Symmetric Spectral Distributions
In a stretcher, the spectral distribution has a direct influence on the quality of the output pulse. The location of the grating in the stretcher plays a very important role in the pulse spectral distribution. If the grating is placed in the stretcher with central symmetry with respect to the optical axis, the spectral distribution through the stretcher is asymmetric with respect to the central wavelength. This results in a decrease of the contrast ratio. In order to keep a symmetric distribution of the spectrum through the stretcher, the grating must be placed on an asymmetric position in the stretcher.
The location parameters of the grating are listed in Table 1 . A comparison of the effect of asymmetric and symmetric spectral distributions on the contrast ratio is plotted in Fig. 4 . It is shown that the symmetric spectral distribution has a better contrast ratio than the asymmetric one.
Improvement of the Contrast Ratio by Increasing the
Input Beam Size According to the previous studies, 6, 8) the contrast ratio can be improved with an increase of the input beam size. However, in practice, as the beam size is larger, the sizes of the optical elements in the stretcher have to be larger. This leads to an unfavourably spatial chirp of the pulse and the stretcher is Fig.3 The contrast ratio for three types of spectral bandwidth. Fig. 4 The output pulse contrast ratio in the symmetric and asymmetric spectrum cases. more difficult to be adjusted. Therefore, an optimal beam size is needed.
3.3
Manufacture Errors of the Curvature Radii of the Mirrors In the design of the Öffner stretcher, it is very important to investigate the errors of the curvature radii of the mirrors, since this has a direct influence on the quality of the output pulse. For instance, the existence of the curvature radii errors will destroy the co-center of the mirrors. This gives rise to chromatic aberration and affects the contrast ratio. It can be verified that larger manufacture errors of the mirror curvature radii lead to larger contrast ratio, that is, the quality of the output pulse is worse. However, for the SG II upgrade laser system, the errors in the range of 0.2% -0.5% are acceptable, and this will be discussed in a forthcoming paper. 9) 3.4 Effect of 'Random' Phase Noise In a stretcher, the surface qualities of the optical elements such as mirrors and a grating are very important for the spectral phase noise. For instance, the roughness of the surface is directly converted to the spectral phase noise, which reduces the temporal coherence of the main pulse and generates a noisy structure on its sides. 10) Figure 5 plots different surface errors of the optical elements in the stretcher, and the corresponding contrast ratios are shown in Fig. 6 . The black curve in Fig. 6 corresponds to the case of an ideal surface. The peak-to-valley (PV) is assumed to be λ/4. As shown in Figs. 5 and 6, with the same value of PV, the contrast ratio declines fast in the case of a rapidly varying random error. And the contrast ratio hardly changes when the random error curve changes slowly.
Further analysis indicates that, with the same surface error, the contrast ratio is better in the case of a smaller value of PV.
However, when the value of PV is less than λ/20, its impact on the contrast ratio becomes less important. That is, the requirement of the value of PV can be relaxed in the design of the stretcher. Then one can focus on the selection of a suitable value of the gradient of root mean square.
Summary
In summary, we have designed an eight pass Öffner stretcher for the SG II petawatt laser facility, as shown in Fig.  7 . This stretcher is constructed with one grating, one concave mirror (curvature radius R), one convex mirror (curvature radius -R/2), one Farady rotation device (FR), one 1/2 wavelength plate (λ/2), two thin film polarisers (TFP 1 and TFP 2 ), and three flat mirrors (Flat 1 , Flat 2 and Flat 3 ). The incident pulse will be diffracted twice thanks to the flat mirror Flat 3 . If Flat 3 is removed, the stretcher reduces to a four pass configuration.
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